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SPECKLE REDUCTION FOR LASER
PROJECTION DISPLAYS

CROSS REFERENCE TO RELATED PATENT
APPLICATIONS

This application claims priority to U.S. Provisional Appli-
cation Ser. No. 61/420,212, entitled “Speckle Reduction for
Laser Projection Displays,” filed Dec. 6, 2010, which appli-
cation is incorporated herein by reference in its entirety.

BACKGROUND

A. Technical Field

The present invention relates to the field of laser illumina-
tion systems, and more particularly, to systems, devices and
methods of employing pulsed drive currents to drive the lasers
and reduce the speckling noises on the projected images.

B. Background of the Invention

Laser light sources used for projection display have shown
advantages compared with the conventional light sources,
such as ultra-high pressure (UHP) lamps, high-intensity dis-
charge (HID) lamp and xenon lamps. The laser light sources
provide wide color expression with narrow spectrum. The
color gamut of a light source based on red, green and blue
(RGB) lasers can be easily expanded beyond that of NTSC
(e.g. 166%), while the color gamut of a lamp projector is less
than that of NTSC. Moreover, the laser light sources have
longer lifetime, need shorter response time, require no warm-
up time, generate less noise, consume less power, and result in
higher contrast ratio. In particular, the laser light sources
made from semiconductor diodes are desirable for projection
displays due to compactness and efficiency. However, to real-
ize a laser illumination system, laser speckling is an issue that
needs to be addressed.

Laser speckles arises when the coherent laser light is scat-
tered from a rough display surface and passes the audience’s
eyes, an optical system having a finite aperture, to form an
image. Slight different phases are introduced to the coherent
light scattered from different spots on the rough surface. The
optical interference of the light shows up as speckles in the
image received by the audience. The size of the speckles is
related to many factors, such as the light wavelength, the laser
beam size, and the distance between the audience and the
display surface. Laser speckles are usually quantified by the
speckle contrast. Existence of the speckles degrades the
image quality, and as one type of noises, the laser speckles
should be reduced to a minimum level.

Reduction of speckling noise is equivalent to reduce the
contrast of the speckling pattern. More independent speckle
patterns need to be introduced and superimposed to average
out on the retina/light receiver. Multiple approaches have
been taken to achieve this purpose. In the near field of laser
sources, the reduction of laser speckle is implemented by
using lasers of different wavelengths, a moving diffuser, a
moving aperture or aperture averaging. In the far field of laser
sources, the reduction of laser speckle is implemented by
using vibrating screen, a fiber or fiber bundles with difference
lengths, refractive indices, diffractive optical elements or a
rotating polygon mirror with two dimensional scanning.
However, all these methods involve adding more components
to the optical system, and can increase the complexity, size
and cost of the display system dramatically.

The laser light sources desirable for projection displays are
based on three semiconductor diodes that generate blue, red
and green lasers, respectively. FIG. 1 is a block diagram for a
typical laser-based projection display. The RGB lasers 102,
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104 and 106 are driven by laser drivers 108, and the generated
lights are guided by a beam combiner 110 to a scanner 112
which projects an image to a surface 114. The laser drivers
108 and the scanner 112 are both under control of synchro-
nous video data. Light emission power of the lasers 102, 104
and 106 is correlated with the laser current [; < injected to
the diode as in FIG. 2. I 4, is a laser threshold current. If the
laser current is below 1, the light emission power is too
small to trigger visible light, and the laser current is repre-
sented as a biasing current I, . If the laser current is above
145 the light emission power is roughly linearly proportional
to the diode current I, , oz, Which is represented as a modu-
lation current I, ;. In real time, the modulation current I, .,
is required to reach a level of I, to generate a desirable
emission power P,p. The modulation current 1,,,,, varies
with time to deliver different light emission power P, and
thus different image brightness.

In addition to optical system adjustment, an alternative
approach to reduce the speckling noise in a projection display
is to use a sinusoid current to drive the laser. The laser illu-
mination is terminated every time the laser current
approaches a minimum value which is equal to or slightly
below the threshold current I,4,. The laser wavelength varies
slightly every time the laser light is switched back on, and the
speckling noise may be improved. However, if the minimum
value is above I, speckle reduction is not significant, and if
the minimum value is far below 1, the laser can be damaged
due to regular powering on and off.

FIG. 3A illustrates a laser driver 300 with radio-frequency
(RF) modulation to reduce speckles and FIG. 3B illustrates an
exemplary current waveform 350. The laser driver 300 com-
prises three current sources 304, 306 and 308. The first cur-
rent source 304 produces a modulation current I, ,,,, above
the threshold current I, to deliver the desirable emission
power P,p. The second current source 306 produces an offset
current I, below the threshold current 1. The third cur-
rent source 308 is particularly used to reduce the speckling
noises by generating a high-frequency sinusoid laser current
Izz The modulation and biasing currents I,,,, and I«
defines an envelope specifying the peaks and valleys of the
sinusoid laser current I, ,. The frequency of the modulation
current 1,,,,, is lower than that of the laser current I,.. The
magnitude of [ is constantly adjusted according to 1,,,,, in
order to avoid levels far above and below 1. Due to the fixed
equivalent duty cycle of 50%, the peak laser current (the
modulation current) is twice of the target average current, and
the emission power and the perceived image brightness are
determined by the modulation current.

SUMMARY OF THE INVENTION

Various embodiments of the present invention relate to
laser driving systems, devices and methods of applying low
current pulses to a laser modulation current to reduce the
speckling noise on the projected images

Certain embodiments of the laser driver for speckle reduc-
tion comprise of a controller, a pulse-off control, two current
sources and two series analog switches. The controller con-
verts incoming video data to processed video data, which are
used by the pulse-off control to generate analog controls
switching the analog switches at specific instants. While one
current source provides a modulation current for the laser to
emit light, pulses of a low biasing current are introduced to
break laser light to short pulses and reduce laser coherence.
The speckling noise is averaged out by superimposing several
patterns associated with short laser pulses within one sam-
pling/integration period of human eyes. In addition to the
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modulation current, the duty cycle is involved as another
variable to obtain the target average current. The system can
therefore be simplified to various levels. In one embodiment,
the modulation and biasing currents may be constant, and the
target average current is determined only by the duty cycle.

Certain features and advantages of the present invention
have been generally described in this summary section; how-
ever, additional features, advantages, and embodiments are
presented herein or will be apparent to one of ordinary skill in
the art in view of the drawings, specification, and claims
hereof. Accordingly, it should be understood that the scope of
the invention shall not be limited by the particular embodi-
ments disclosed in this summary section.

BRIEF DESCRIPTION OF THE DRAWINGS

Reference will be made to embodiments of the invention,
examples of which may be illustrated in the accompanying
figures. These figures are intended to be illustrative, not lim-
iting. Although the invention is generally described in the
context of these embodiments, it should be understood that it
is not intended to limit the scope of the invention to these
particular embodiments.

FIG. 1 illustrates a block diagram of a laser-based projec-
tion display;

FIG. 2 illustrates a correlation of light emission power and
laser diode current;

FIG. 3A illustrates a laser driver using RF modulation to
reduce the speckling noises;

FIG. 3B illustrates a laser current waveform generated
from RF modulation;

FIG. 4 illustrates a block diagram of a laser driver driving
a laser diode with pulsed waveforms according to various
embodiments of the invention;

FIG. 5A illustrates an exemplary pulsed laser current
waveform according to various embodiments of the inven-
tion;

FIG. 5B illustrates another exemplary pulsed laser current
waveform according to various embodiments of the inven-
tion; and

FIG. 6 illustrates a digital pulsed laser current waveform
according to various embodiments of the invention.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Embodiments of the present invention provide systems,
devices and methods of employing pulsed drive currents to
drive the lasers and reduce the speckling noise on the pro-
jected images in a laser-based projection display. In particu-
lar, short light-off pulses are introduced into the modulation
current driving the laser instead of using RF modulation. In
the following description, for purposes of explanation, spe-
cific details are set forth in order to provide an understanding
of'the invention. It will be apparent, however, to one skilled in
the art that the invention can be practiced without these
details. One skilled in the art will recognize that embodiments
of the present invention, described below, may be performed
in a variety of ways and using a variety of structures. Those
skilled in the art will also recognize additional modifications,
applications, and embodiments are within the scope thereof,
as are additional fields in which the invention may provide
utility. Accordingly, the embodiments described below are
illustrative of specific embodiments of the invention and are
meant to avoid obscuring the invention.

Reference in the specification to “one embodiment” or “an
embodiment” means that a particular feature, structure, char-
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acteristic, or function described in connection with the
embodiment is included in at least one embodiment of the
invention. The appearance of the phrase “in one embodi-
ment,” “in an embodiment,” or the like in various places in the
specification are not necessarily all referring to the same
embodiment.

In order to reduce the speckling noise, pulses at low biasing
currents are applied to an original continuous modulation
current that drives a laser. The laser illumination is tempo-
rarily terminated during the pulses. The modulation current,
pulse biasing current, pulse frequency and pulse width are
variables that may be adjusted to generate a target average
current according to requirements of different applications.

FIG. 4 illustrates a block diagram 400 of a laser driver
driving a laser diode with pulsed waveforms. The laser driver
comprises a first current source 402, a second current source
404, a first analog switch 406, a second analog switch 408, a
pulse-off control circuit 410 and a controller 412. The first
current source 402 are in series with and under control of the
first analog switch 406, and similarly, the second current
source 404 are in series with and under control of the second
analog switch 408. Once the first analog switch 406 is turned
on, the first current source 402 is connected with the laser
diode 420 and injects a modulation current 1,,,,, and the
laser diode emits light. Once the second analog switch 408 is
turned on, the second current source 404 is connected with the
laser diode 420 and injects a biasing current I, which is
equal to or less than 1, and the laser diode shuts off. In one
embodiment, the first current source 402 is connected for
most of the time to provide constant current drive for the laser
diode 420 while the second current source 404 is connected to
introduce low-current pulses to shut off the laser. In certain
embodiment, both current levels of I, ,,, and I, ; vary with
time, and their temporal dependences are determined by input
video data. Two analog switches 406 and 408 may be turned
on simultaneously to allow both current sources 402 and 404
to be connected with the laser.

In one embodiment, the current sources 402 and 404 are
implemented as digital-to-analog converters. The dynamic
ranges of the converters are determined by the maximum
modulation and biasing currents, respectively, and the reso-
Iutions of the converters are related to the resolution require-
ment of the perceived image brightness. A 12b resolution is
commonly used. The controller 412 converts incoming video
data to parallel or serial data 430 and 440 used to identify the
current magnitudes for the current sources 402 and 404,
respectively.

The pulse-off control circuit 410 controls the switching
time and duration of the analog switches 406 and 408. Spe-
cific switching instants are identified by the controller 412
according to the frequency and the duty cycle of the light-off
pulses. The controller 412 receives incoming video data and
generates processed video data which are digital controls
used to specify these switching instants. The pulse-off control
circuit 410 further converts the processed video data to analog
control voltages 414 and 416 to control the analog switches
406 and 408, respectively. In certain embodiment, conven-
tional level shifters are used to generate the needed analog
control voltages 414 and 416. The pulse-oft control circuit
410 also needs to introduce tristate times on the pulse edges.
The tristate times normally last for only a few nanoseconds
during which both current sources are disconnected to avoid
potential direct current if current sources are switched too
closely.

The perceived image brightness and color are functions of
the modulation current levels and duty cycles of all three RGB
lasers while the pulse frequency and the biasing current level
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have no impact. The eyes sample information of images pro-
jected onto the retina in a periodic manner, and information is
then integrated so objects appear to be stable or move
smoothly. The color intensity perceived by an eye is the
average color intensity over an eye’s sampling/integration
time which is typical 10-100 milliseconds. The light-off
pulses are preferably generated more frequently than sam-
pling/integration in eyes. These pulses break a coherent laser
wave to several laser waves, and each lasts for a short duration
while all the waves are integrated by eyes to generate one
pattern in retina. These waves are incoherent to each other
although each individual wave is highly coherent, and the
wavelengths of these waves may vary slightly as well. There-
fore, the speckles associated with each wave are shifted
slightly and averaged upon integration. The speckling noises
are largely reduced by these light-off pulses.

In order to generate a specific color at a specific brightness,
the controller 412 first determines the intensity needed for
each RGB laser, and then converts the intensity to the pro-
cessed video data for the pulse-off control circuit 410 for each
RGB laser. The resultant light emission power (intensity) is
the function of the duty cycle and the instantaneous light
emission power (intensity) within the sampling/integration
time of eyes. A target average current I, is related to the
expected light emission power, and it should be determined
by the duty cycle and the modulation current 1.

FIG. 5A illustrates an exemplary pulsed laser current
waveform 500 generated by certain embodiments of the
pulse-off laser driver. The high-end modulation current I, ,,,,
varies with time, and during the pulse-off duration, the low-
end biasing current I, is controlled at a constant value
equal to or slightly less than the laser threshold current 1,4,
502. The low-end biasing current I, . is sufficient to shut off
light emission, while avoiding drive current to drop to zero
and causing long-term degradation problems to laser reliabil-
ity. In this embodiment, the current source 402 still relies on
the video data to determine its temporal variation, and how-
ever, the current source 404 only needs to provide a constant
biasing current -5, , .. In one embodiment, the current source
404 is permanently programmed to generate a fixed current
level, and the circuit configuration may be largely simplified.
In another embodiment, the current source 404 is capable of
generating a variable biasing current I, ;, and the control is
preset to generate a fixed low biasing current during the
light-off pulses. Even though the current source 404 is not
simplified, the current control process is straightforward and
involves no data refreshing.

FIG. 5B illustrates another exemplary pulsed laser current
waveform 550 generated by certain embodiments of the
pulse-off laser driver. The high-end modulation current I, ,,,,
varies with time, and during the pulse-off duration, the low-
end biasing current I, is controlled at a randomly-varying
value equal to or slightly less than the laser threshold current
17 504. This embodiment requires that the current source
404 is capable of generating a variable biasing current I,
and the biasing current level has to be adjusted for each
light-off pulses.

In both FIG. 5A and FIG. 5B, the perceived laser intensity
is related to the target average current 506 and 508 integrated
over the eye’s sampling/integration time. [fthe duration of the
light-off pulses is controlled to be short, the duty cycle of the
laser current may be significantly larger than 50%, and the
target average current may be very close to the high-end
modulation current I,,,,,. For instance, if the duty cycle is
90%, the transient modulation current I, is 1.05 times of
the target average current. In the prior art using RF modula-
tion, the equivalent duty cycle is only 50%, so the modulation
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current can reach twice of the target average current. As a
result, the pulse-off speckle reduction technique lowers down
the peak current in the laser diode, relaxes the current require-
ments from the current source 402, and therefore, enhances
cost efficiency and power consumption for the driver elec-
tronics.

In the embodiments of FIG. 5A and FIG. 5B, the target
average currents 506 and 508 are mainly determined by the
levels of the modulation currents I,,,,. The duty cycle is
adjustable, and however, its contribution is not as significant
as the modulation currents I,,,,. Therefore, the current
source 402 is required to maintain the capability of adjusting
the modulation current 1, ,,, in real time.

FIG. 6 illustrates a digital pulsed laser current waveform.
The high-end modulation current I, ., is fixed at a value, and
during the pulse-off duration, the low-end biasing current
15,4518 also fixed at another value equal to or slightly less than
the laser threshold current 1,4,. The current sources 402 and
404 only need to generate one specific current or a limited
number of currents, so the complexity may be significantly
reduced by avoiding covering the entire dynamic range at a
12b resolution. In certain embodiment, the target average
current is obtained by adjusting the duty cycle. Given the
modulation current 1, the duty cycle is proportional to the
target average current. The maximum target average current
will never exceed the modulation current 1,,,,, while the
minimum target average current will be higher than the low-
end biasing current I ;.

The duty cycles are adjusted in the controller 412 and
should be controlled accurately up to a system clock. If the
system clock is 100 MHz, and 16 phases are made available,
the accuracy of the pulse width is 0.625 nanoseconds. Given
apulse-off frequency of 100 MHz, the duty cycle is controlled
within 625 ppm and associated with an average current reso-
Iution up to 4 bits. The duty cycle control is based on digital
circuit and may be much easier to implement.

Compared to RF modulation, control is largely simplified
in the pulse-off speckling reduction. One more variable, duty
cycle, is introduced to efficiently obtain the target average
current. The analog control of the laser current is reduced by
integrating more digital control of duty cycles. In certain
embodiment, the modulation current and the biasing currents
are both fixed, and the target average current is adjusted only
by duty cycles. One skilled in the art will recognize that F1G.
5A,FIG. 5B and FIG. 6 are intended as three embodiments of
using pulse-off speckling reduction, and that the circuit struc-
ture is open for implementing other modifications, equiva-
lents, and alternatives.

While the invention is susceptible to various modifications
and alternative forms, specific examples thereof have been
shown in the drawings and are herein described in detail. It
should be understood, however, that the invention is not to be
limited to the particular forms disclosed, but to the contrary,
the invention is to cover all modifications, equivalents, and
alternatives falling within the scope of the present invention.

What is claimed is:

1. A laser driver that drives a laser diode with a pulsed
modulation current, comprising:

a controller that is coupled to receive and process video

data;

a pulse-off control module, coupled to the controller, the
pulse-off control module controls at least a first analog
switch and a second analog switch;

a first current source, coupled in series with the first analog
switch that is regularly switched off within one integra-
tion period of human eyes, the first current source gen-
erating a modulation current that is greater than a laser
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threshold current, such that the modulation current
causes the laser diode to emit light; and

a second current source coupled in series with the second
analog switch, the second current source receives light-
off pulses from the pulse-off control module that are
shorter than one integration period of human eyes to
generate a pulsed biasing current that causes the laser
diode to emit no light during the light-off pulses when
the second analog switch is closed thereby generating a
plurality of laser waves that are incoherent to each other.

2. The laser driver in claim 1, wherein the first current
source is coupled to the controller and the magnitude of the
modulation current is adjusted according to the video data.

3. The laser driver in claim 1, wherein the modulation
current has a fixed magnitude, and the duty cycle of the
modulation current is adjusted by the first analog switch
according to the video data.

4. The laser driver in claim 1, wherein the first current
source further comprises a digital to analog converter.

5. The laser driver in claim 1, wherein the pulse-off control
module controls the first and second analog switch based on
the video data.

6. The laser driverin claim 1, wherein the biasing current is
substantially small to shut off light emission from the laser
diode, while avoiding a drive current passing through the
laser diode to drop to zero and causing long-term degradation
to the laser diode.

7. The laser driver in claim 1, wherein the biasing current is
controlled atarandomly varying value equal to or slightly less
than the value of the laser threshold current.

8. The laser driver in claim 1, wherein the biasing current is
controlled at a constant value equal to or slightly less than the
value of the laser threshold current.

9. A laser driver that drives a laser diode with a pulsed
modulation current, comprising:

a controller that is coupled to receive and process video

data;

a pulse-off control module, coupled to the controller, the
pulse-off control module controls at least a first analog
switch that is regularly switched off within one integra-
tion period of human eyes and a second analog switch;

afirst current source, coupled in series with the first analog
switch, the first current source generating a modulation
current that is greater than a threshold current; and

a second current source, coupled in series with the second
analog switch, the second current source receives light-
off pulse signals from the pulse-off control module that
are shorter than one integration period of human eyes to
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generate a pulsed biasing current that when the second
analog switch is closed causes the laser diode to emit no
light so as to reduce a coherence of a plurality of laser
waves,

wherein the controller is directly connected to at least one

of the first current source and the second current source.

10. The laser driver in claim 9, wherein the pulse-oft con-
trol module controls the first and second analog switch based
on the video data.

11. The laser driver in claim 9, wherein both the modula-
tion current and the biasing current have a respective fixed
magnitude, and the duty cycle of the pulsed modulation cur-
rent is adjusted by the first analog switch according to the
video data.

12. The laser driver in claim 9, wherein the first and second
current sources further comprise a respective digital to analog
converters.

13. A laser driving method, comprising steps of:

receiving input video data;

regularly switching off, within one integration period of

human eyes, a first analog switch with a first current
source to generate a modulation current according to the
input video data, the modulation current being above a
laser threshold current;

controlling a second current source via a light-off pulse

signal that is shorter than one integration period of
human eyes;

disabling the modulation current during the light-off pulse

signal;

generating a biasing current that is equal to or slightly less

than the laser threshold current during the light-off pulse
signal; and

reducing a coherence of a plurality of laser waves.

14. The laser driving method in claim 13, wherein the
modulation current has a fixed magnitude, and the widths of
the light-off pulses are adjusted according to the input video
data.

15. The laser driving method in claim 13, wherein a digital
to analog converter is coupled to generate the modulation
current according to the input video data.

16. The laser driving method in claim 13, wherein the
biasing current is controlled at a randomly varying value
equal to or slightly less than the value of the laser threshold
current.

17. The laser driving method in claim 13, wherein the
biasing current is controlled at a constant value.

#* #* #* #* #*



